ADDITIONAL INDEX WORDS. tomato, snapdragon, nasturtium, moisture use, root dip, racemic ABA SUMMARY. The marketing period of nursery-raised bedding plant seedlings is limited by the loss of aesthetic quality associated with undesirable growth and/or excess moisture loss during storage and handling. Long-lasting synthetic analogs of abscisic acid (ABA) (8´-methylene ABA methyl ester and 8´-acetylene ABA methyl ester) were evaluated for their potential use in controlling growth and extending the marketing period of seedlings of tomato (Lycopersicon esculentum), snapdragon (Antirrhinum majus), and nasturtium (Tropelaum majus). ABA analogs, applied as root-dips, slowed moisture use and reduced seedling growth in a dosage-dependent manner with no signifi cant phytotoxic effects over the short term. The nature and duration of the responses of the three test crops to the ABA analog treatments were similar. ABA analogs were more effective at reducing moisture use by tomato seedlings than regular ABA and also had fewer negative effects on plant appearance. Before ABA analogs can be recommended for commercial-scale use, their impact on long-term performance needs to be determined, along with an evaluation of their cost and safety relative to other plant growth retardants.
T he marketing period of bedding plants and vegetable transplants is limited due to the loss of aesthetic quality associated with undesirable growth and/or excess moisture loss during storage and handling. Plant growth regulators like paclobutrazol, uniconazole, and ancymidol are presently applied to container-grown ornamental and nursery plants to control growth, limit stem elongation, and slow moisture use, thereby producing more compact, easily maintained plants (Gibson and Whipker, 2000; McDonald and Arnold, 2001; Whipker and McCall, 2000; . Plant growth retardants also increase the stress tolerance of plants during shipping and handling and retail marketing, thereby improving shelf life and extending plant marketability (Latimer, 2001) . However, these products tend to have long-term negative effects on plant growth and development (Gibson and Whipker, 2003; McDonald and Arnold, 2001) and are not registered for use in vegetable crops (Cantliffe, 1993; Latimer, 1991) . The effects of these plant growth regulators also vary among species and cultivars (White et al., 2005) , making it diffi cult to develop appropriate application strategies.
The hormone ABA regulates plant growth and stress physiology (Addicott, 1983) . ABA reduces water loss from the leaves by regulating the aperture of the stomata (Walton, 1980) . ABA-induced retardation of stomatal gaseous exchange also reduces photosynthesis and thereby slows plant growth (Arteca and Tsai, 1987; Kramer, 1988; Loveys, 1991; Salisbury and Ross, 1992) . Foliar-applied ABA signifi cantly decreased stomatal conductance, transpiration rate, and net photosynthesis in greenhousegrown potato (Solanum tuberosum) (Baricevic and Stopar, 1994) . Similarly, foliar-applied ABA decreased transpiration and slowed wilting of pot-grown tomato and cucumber (Cucumis sativus) seedlings and also reduced plant growth (Yamazaki et al., 1995) . Root-applied ABA also slowed shoot and root growth of tomato, cucumber, and sunfl ower (Helianthus annuus) seedlings (Griffi ths et al., 1997; Lenzi et al., 1995) . Foliar application of ABA at 10 -4 M (2641 ppm), 4 weeks after seeding, reduced leaf growth, root dry weight, and basal root count of pepper (Capsicum annuum) seedlings (Leskovar and Cantliffe, 1992) . The ABA treatments did not infl uence long-term growth and yield potential of the transplants. Leskovar and Cantliffe (1992) suggested that exogenous application of ABA might represent a substitute for drought stress as a means to control transplant growth in the nursery.
At present, the use of the natural hormone ABA is limited due to its instability in solution and its rapid deactivation by photoisomerization and metabolism (Abrams, 1999; Flores and Dorfl ling, 1990) . To address this problem, synthetic analogs of ABA have been developed that mimic the effects of ABA but are more stable, longer lasting, and relatively simple to synthesize (Abrams, 1999) . ABA-like compounds have been developed that are highly effective as anti-transpirants (Dorffl ing, 1985; Jung and Grossmann, 1985; Schubert et al., 1991) . Todoroki et al. (1995) reported that fl uorinated ABA analogs (8´,8´-difl uroabscisic acid and 8´,8´,8´-trifl uroabscisic acid) inhibited growth of rice (Oryza sativa) seedlings more effectively than ABA. ABA analogs 8´-methylene and 8´-acetylene were superior to ABA in inhibiting growth of suspension-cultured corn (Zea mays) cells and reducing transpiration in wheat (Triticum aestivum) seedlings (Abrams et al., 1997; Cutler et al., 2000) .
In a preliminary greenhouse study in which 8´-methylene and 8´-acetylene ABA analogs were applied as root-dip treatments to bedding plants of marigold (Calendula offi cinalis), petunia (Petunia ×hybrida), tomato, and pumpkin (Cucurbita pepo), these ABA analog treatments reduced plant moisture use and shoot growth (D.R. Waterer, unpublished M (26,414 ppm)] of regular ABA was also included in this trial. In all trials, the ABA or its analogs were dissolved in 1% acetone solution and applied to 4-week-old seedlings as a root-dip by immersing the cell packs containing the plants in the appropriate solution until they reached holding capacity (about 10 s). A 1% aqueous acetone solution served as the control treatment. On average, 40 mL of the ABA analog solution was needed for treatment of each seedling. Following application of the ABA treatments, the cell packs were arranged in a randomized completeblock design on a greenhouse bench, with four replicates per treatment.
Depending upon crop type, the trials were terminated 9 to 12 d after treatment application, at which time there was no longer any difference between control and treated plants in terms of daily moisture use. This suggested that the ABA analog treatment effects had dissipated. Alternatively, the trials were terminated when the control plants had grown to the point where their daily moisture needs exceeded the moisture-holding capacity of the cell packs.
DATA COLLECTED. The amount of water used daily by the seedlings was determined by weighing the cell packs before watering and then subtracting that weight from the weight of the cell packs after rewatering to holding capacity. Plant heights were measured at the beginning and end of the evaluation period. Shoot fresh weights were measured at the termination of the trial. The effects of the ABA analog treatments on general plant appearance (leaf color and shape) and plant development were noted, including number of leaves per plant, and time of appearance of fl oral buds and fl owers.
STATISTICAL ANALYSIS. All plant growth parameters were subject to analysis of variance using an appropriate randomized complete-block design (RCBD) model utilizing the GLM program of SAS (SAS Institute, 1987) . All F-tests were carried out at P ≤ 0.05. Data on daily moisture use were analyzed as a simple RCBD model, using the data from each day as a separate variable. Least signifi cant difference tests (P = 0.05) were used for comparison of treatment means. Preplanned single degree-of-freedom contrasts were used to evaluate specifi c treatment responses.
Results
No signifi cant changes in appearance were observed as a result of application of the ABA analogs except when PBI 429 was applied at the highest concentration (10 -4 M).
In both tomato and nasturtium, this treatment caused slight yellowing of leaves beginning 1 week after treatment and continuing for the duration of the trial. The analog treatments had no effect on leaf number for nasturtium or snapdragon (data not shown). Floral bud counts for all three test crops were not infl uenced by the ABA treatments (data not shown).
TOMATO. The effects of ABA analog treatments on daily water use, averaged over the three concentrations tested for each analog are presented in Fig. 2 . The ABA analog treatments signifi cantly reduced plant moisture use relative to the control beginning 2 d after treatment and continuing through the 10-d evaluation period (Fig. 2 ). Plant moisture use by the ABA analog-treated plants was relatively high at the beginning of the evaluation period, then declined for the next 4 d, and again increased toward the end of the evaluation period (Fig. 2) . The total amount of moisture used per plant over the evaluation period was reduced by 9% to 62%, depending on the ABA analog treatments (Table 1) . Total water use declined with increasing ABA analog concentration (Table  1) and PBI 429-treated plants used signifi cantly less moisture than plants treated with PBI 365 (Table 1) .
Leaf number per plant was signifi cantly smaller in the ABA analog treatments (Table 1) , with the PBI 429 treatments having a greater effect on leaf number than PBI 365. The number of leaves per plant also declined with increasing concentrations of ABA analogs (Table 1) . Shoot elongation, measured as the change in height from the beginning to the end of the evaluation period, was reduced by 24% to 67% by the ABA analog treatments relative to the control (Table 1) . Overall, PBI 429 slowed shoot elongation more than PBI 365 (Table 1) . Shoot elongation decreased in response to increasing concentrations of the ABA analogs, with 5 × 10 -5 M and 10 -5 M concentrations showing more effect for PBI 429 than for PBI 365 (Table 1) . Shoot fresh weight at the fi nal harvest was 31% higher in the control plants than the average of the ABA analog treatments (Table  1) . Shoot fresh weight decreased with increasing concentrations of the ABA analogs applied (Table 1 ) and plants treated with PBI 365 produced higher mean shoot fresh weights than those treated with PBI 429 (Table 1) .
SNAPDRAGON. The ABA analog treatments signifi cantly reduced plant moisture use by the snapdragon, beginning 1 d after application and continuing through to the end of the 12-d evaluation period (Fig. 3) . The 10 -4 M solution of both analogs caused a greater reduction in moisture use than the 5 × 10 -5 M treatment (Fig. 3  and Table 2 ). Beginning at 6 d after treatment and continuing through the remainder of the trial, daily moisture use of snapdragon seedlings treated with PBI 365 was signifi cantly higher than those receiving PBI 429 at similar concentrations. Total moisture use by the ABA analog treatments over the 12-d evaluation period was reduced by an average of 41% relative to the control (Table 2) .
Cumulative shoot elongation over the evaluation period was, on average, 54.2% lower for the ABA analog treatments than for the controls (Table 2) M treatment (Table 2) . Shoot fresh weights at the fi nal harvest were also signifi cantly greater in the control plants compared to the ABA analog treatments (Table 2 ). Plants treated with PBI 365 produced heavier shoots than those treated with PBI 429 at identical concentrations (Table 2) 
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and shoot fresh weight decreased with increasing concentrations of the ABA analogs.
NASTURTIUM. Daily moisture use by the nasturtium seedlings declined relative to the controls starting 1 d after application of the ABA analog treatments and this effect continued through the 9-d evaluation period (Fig. 4) . Total moisture use per plant over the evaluation period for the ABA analog-treated plants was 25% lower than the control (Table 3) . PBI 429 was more effective in reducing plant moisture use compared to PBI 365. The 10 -4 M treatment was more effective at reducing plant moisture use than the 5 × 10 -5 M treatment (Fig. 4) . Cumulative shoot elongation of ABA analog-treated nasturtium plants was, on average, 29.5% lower than for the control (Table 3) . PBI 429 caused less shoot elongation (35% of control) than PBI 365 (24%) and this effect was greater in 10 -4 M ABA analog treatments than those treated with 5 × 10 -5 M (Table 3) . Shoot fresh weights at the fi nal harvest were, on average, 10% higher in the control plants compared to those receiving the ABA analog treatments (Table 3) . PBI 429 produced lower mean shoot fresh weights than PBI 365 at identical concentrations (Table 3) . Shoot fresh weights also declined with increasing concentrations of the ABA analogs.
ABA ANALOGS VS. RACEMIC ABA. The highest concentration (10 -3 M) of regular ABA appeared phytotoxic, as the tomato seedlings wilted despite the presence of adequate available moisture. This response was observed within 1 d of treatment application and lasted for 3 d (data not shown).
Both regular ABA and the analogs began to signifi cantly reduce daily water use by the tomato plants within 1 d of treatment (Fig. 5) . However, the effects of regular ABA were weaker than corresponding concentrations of the ABA analogs (Fig. 5 and Table 4 ). The regular ABA treatments suppressed moisture use only for 3 d while the analogs continued to suppress moisture use through to the end of the evaluation period (Fig. 5) . On average, the ABA analog treatments reduced moisture use by 30% relative to the control and by 25% relative to racemic ABA (Table  4) . Treatment with PBI 429 caused a greater reduction in plant moisture use than PBI 365 (Fig. 5 and Table  4 ). Differences between the relative effi cacies of the two analogs were apparent 2 d after treatment application and persisted for the duration of the evaluation period.
Shoot elongation over the evaluation period, was reduced by 62.5% in the PBI 429 treatments and by 27% in the PBI 365 treatments relative to the controls (Table 4) . No signifi cant difference was observed between the heights of plants treated with regular ABA and the control plants. Total shoot fresh weights at the termination of the trial for plants treated with the ABA analogs were signifi cantly lower than for plants treated with either racemic ABA or the untreated controls (Table  4) . No signifi cant effect of analog type (Table 4) .
Discussion
Chemical holding agents are used by the nursery industry to minimize plant maintenance costs, to extend the marketing period and to reduce the risk of dehydration stress during storage and shipping. Ideally, a holding agent checks plant growth at a desired growth stage for a predictable and manageable period of time, with no detrimental effects on plant appearance or long-term negative effects on plant performance.
The plant growth regulators used as chemical holding agents tend to impart species-and cultivar-specifi c effects (White et al., 2005) necessitating trials to develop appropriate application strategies. In this study, ABA analog treatments signifi cantly reduced total moisture use; slowed shoot elongation and controlled growth of tomato, snapdragon, and nasturtium seedlings with minimal negative effects on plant appearance or development. An analog and dosage-dependent reduction in leaf number per plant was observed in ABA analog-treated tomato seedlings but not in snapdragon or nasturtium. Floral bud counts, however, were not signifi cantly altered in any of the test crops. According to White et al. (2005) , plant growth regulators may suppress plant height with or without bloom delay.
The ABA analog-induced reduction in plant moisture use is likely the result of the ABA analogs reducing stomatal conductance (Grossnickel et al., 1996; Sharma, 2002; Walton, 1980) . Total moisture use over the evaluation period for all three crops was positively correlated with shoot fresh weights at the termination of the trials (data not shown). This correlation suggests that increased stomatal resistance may be an immediate effect of the ABA analogs on plant moisture use, but over the longer term the associated reduction in plant size may also contribute to the reduction in moisture use. Growth and development processes affected by ABA, such as cell division, cell expansion and growth, and ultimately reduction in leaf size, stomatal index, and stomata size can all infl uence plant water use (Davies and Jones, 1991; Quarrie, 1991) . ABA is known to counteract the growth-promoting effects of auxins and gibberellins (Davies, 1995) . Many of the commercially available plant growth regulators also show anti-gibberellin activity (Davies, 1995; Hartmann et al., 1981; Rademacher, 2000; Schnelle et al., 1993) . Reduction in moisture use also occurred when geraniums (Pelargonium ×hortorum) were root-drenched with anti-gibberellin compounds, paclobutrazol, or uniconazole.
PBI 429 was more effective and persistent than PBI 365 for all crops and test parameters evaluated. This likely relates to the fact that PBI 429 is less liable to oxidative breakdown reduced plant moisture requirements, but for a short period, and caused only moderate retardation of plant growth with no visible phytotoxic effects. The effects of PBI 365 at 10 -4 M were also acceptable, as this treatment did not result in severe retardation of plant growth as observed with PBI 429 at the same concentration. The fi nal choice of the most appropriate concentration and analog type would depend upon the treatment objectives.
A key characteristic of holding agents is that they must check water use and growth only for a limited period of time, with the expectation of rapid and full recovery once the stresses associated with handling, transportation, and transplanting have passed. The severe retardation of plant growth caused by PBI 429 at 10 -4 M would likely have long-term negative effects on development. In fi eld trials with tomato and pumpkin, treating seedlings with PBI 429 at 10 -4 M prior to transplanting provided excellent protection against transplanting stress but slowed subsequent plant development, resulting in fewer ripe fruits compared to PBI 365 (Sharma et al., 2006) . McDonald and Arnold (2001) found that application of the plant growth retardant uniconazole to blue plumbago (Plumago auriculata) had long-term negative impact on subsequent growth and fl owering of the crop.
ABA analogs were both more effective and persistent at reducing moisture use by tomato seedlings than comparable rates of regular ABA. Total moisture use by ABA analog-treated tomato seedlings was comparable to that produced by applying racemic ABA at 10 to 15 times the concentration of the ABA analogs (Table 4) . Abrams et al. (1997) reported greater effi cacy of PBI 365 than regular ABA in preventing transpiration in wheat seedlings. Regular ABA is both less effectively absorbed and is also more susceptible to oxidative breakdown 
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in the plant system than the analogs (Cutler et al., 2002) .
This study showed that rootdip treatments with ABA analogs reduced slowed growth and moisture use by seedlings of three commonly transplanted horticultural crops with minimal negative effects on appearance of the crops. While PBI 429 appeared more effective and persistent than PBI 365, at high concentrations this analog also caused some phytotoxicity and severely retarded plant growth. The ABA analogs were more effective and persistent as a holding treatment than corresponding treatments with regular (racemic) ABA.
By applying an appropriate ABA analog at a suitable concentration, the marketing period of bedding plants may be extended at minimal cost without loss of visual quality associated with undesirable growth and moisture stress during handling and marketing. If the ABA analogs continue to control moisture loss following transplanting, this may also aid in the establishment of the transplants in the fi eld. Smaller, slower-growing plants are less susceptible to physical damage at transplanting and require less moisture after transplanting, thereby avoiding transplanting stress (Grossnickle et al., 1996; Latimer, 1991) . ABA analog-induced stomatal closure would also help avoid dehydration of the seedling following transplanting. Before ABA analogs can be recommended for commercial scale use, the cost effectiveness and safety of ABA analogs must be compared to other plant growth retardants.
